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Adsorbent bed design and performance strongly affect the overall performance of 
adsorption systems. In the present study, an analytical model was developed to determine 
the optimum geometrical and thermal parameters of a flat tube-fin adsorbent bed to reach 
the maximum system performance. This types of heat exchangers offer substantial 
reduced in weight, cost, volume and thermal conductivity, which can make them a good 
choice for adsorbent beds in automobile applications. Results showed that the overall 
thermal conductance of the bed and the maximum practical specific cooling capacity 
increased when reducing in flat tube thickness and fin pitch as well as by increasing in fin 
thickness and water channel wall thickness. The specific thermal conductance increased 
by 2.5% when reducing the channel pitch from its design value to a minimum permissible 
(0.004m). From thermal parameters that have been studied, the adsorbent thermal 
conductivity is the most sensitive parameter to the specific thermal conductance in beds. 




bed and the heat transfer fluids as well as the desorption heat of the selecting working 
pair. 
 
Keywords: Adsorption chiller, flat tube-fin heat exchanger, optimization, waste heat 
recovery, automotive A/C system, extended surface.  
 
1. Introduction 
Reduction of energy consumption by reducing the consumption of energy services and 
through efficient energy usage is turning out to be one of the important topics nowadays 
[1]. Research activity on thermally driven adsorption systems has received much 
attention in the recent years. Adsorption systems can be driven by waste heat and low-
grade heat source (<100 ºC) and they use environmentally friendly refrigerants such as 
ammonia or water [2, 3]. In addition to environmental benefits and energy saving, these 
systems have many other advantages such as lack of moving parts, low operating costs, 
vibration-free operation and simple control [4, 5]. These features make them suitable for 
applications in automotive air conditioning systems using waste heat from the engine 
operation without losing mechanical energy, which can also reduce the carbon footprint 
[6].  
 
However, the major drawbacks of adsorption systems are their low energy efficiency 
(COP and SCP), large size and mass and high investment costs when compared to 




commercialization and widespread utilization, especially in automotive applications [7, 
8]. Good heat transfer performance in adsorbent beds increases the total heat transfer 
coefficient and the rate of heat transferred between the adsorbent and the heat transfer 
fluid [9]. In a similar view, good mass transfer performance will reduce the diffusion time 
of the adsorbate in the adsorbent and shorten the cycle time, which will then cause an 
increase in overall system performance [10].  
 
Therefore, the need for efficiency improvement of adsorption systems encourages 
scientists to search for possibilities of improving heat and mass transfer in the adsorbent 
beds during adsorption-desorption cycles. Most of searches focused on adsorption 
properties of adsorbent/adsorbate pairs, adsorption/desorption cycles, and design 
modification of the adsorbent bed [11]. Different types of heat exchangers are used in 
adsorbent beds such as plate-finned tubes, and a capillary tube bundle HE [12], a flat-
plate type HE with fins [13], a serpentine flat-pipe HE, and spiral plate HE [14]. Many 
researchers have proposed various types of sorption bed designs in order to enhance the 
heat transfer rate in the adsorbent bed [15-22].  
 
Verde et. al [23, 24] studied theoretically and experimentally the performance of a 
proposed silica gel adsorption system for automotive air conditioning system. A flat tube-
fin heat exchanger was used as an adsorbent bed. An improved non-equilibrium lumped 
parameter model was developed to predict the dynamic performance of the system under 
different real driving conditions. Different design configuration and operation strategies 




Results showed that, using two radiators in the system instead of one radiator increases 
the cooling capacity by 7.0% and decreases the cabin temperature by 9.1 %.  
 
There is relatively limited information regarding the effect of adsorption bed geometrical 
parameters with fins on the systems performance. Rezk [25] studied theoretically the 
effect of various adsorbent bed heat transfer enhancement techniques on the performance 
of a two-bed adsorption chiller. The results showed that cooling capacity and COP 
increased with increasing the fin spacing ratio to reach maximum of 25 % and 10 % 
respectively at fin spacing ratio of 2. Hamid et. al [26] developed a transient two-
dimensional model for adsorption bed with annular fins to study the effect of bed 
configuration on the system performance. They showed that the COP of the cycle is 
slightly influenced by the fins number and strongly dependence on the fins height. 
Niazmand et. al [27] developed a three-dimensional model for adsorbent bed with square 
and annular plate fins. They showed that the cooling capacity can be increased by the 
increase of the number of fins and the decrease of the fins height. In addition, COP 
increases and SCP decreases with increasing fin height and fin pitch. Rezk et. al [28] 
developed a lumped analytical simulation model for silica gel/water adsorption system. 
They showed that the cooling capacity increased by 3% and the COP decreased by 2.3% 
when varying the fin spacing from its design value to a minimum permissible. Khan et al. 
[29] studied the effect of overall thermal conductance and adsorbent mass on the 
performance of a two-stage adsorption system. They found that system performance can 
be strongly influenced by the bed overall thermal conductance. Furthermore, they showed 




The literature review indicates that, many of these studies have proposed various types of 
bed designs. Few studies carried out on the effect of bed geometrical parameters on the 
heat transfer rate and hence how it affect the system performance. However, there was no 
information about the optimization of the thermal and design parameters in order to 
enhance the heat transfer rate and hence the overall system performance.  
 
Therefore the purpose of the present study is to optimize the different parameters that 
mostly affect the performance of a flat tube-fin heat exchanger for automobile adsorption 
systems. An analytical model has been developed in order to estimate the overall thermal 
conductance of the heat exchanger by using a thermal resistance network. A parametric 
study was performed using the model to determine the effect of different bed parameters 
on the specific thermal conductance and maximum practical specific cooling capacity of 
the adsorbent bed. Physically, the proposed flat tube-fin heat is constructed by flat 
channel tubes covered with uniformly spaced flat fins to increase the heat transfer area on 
the air side which will be employed to increase the heat transfer to the adsorbent. They 
are available in the markets where used normally as evaporator in the conventional 
automotive air conditioning systems, therefore they are available at a low cost. In 
addition these type of HE are made from aluminum, have the advantages of low weight 
and low thermal capacity (lower heat losses) compared with other heat exchangers. The 
literature survey is relatively limited to this type of adsorbent bed. Therefore, further 





2. System description 
Fig. 1(a) show a picture of the prototype adsorption chiller in the laboratory and fitted in 
a passenger vehicle Fig. 1 (b). The system description, components, and the working 
principle of the system, silica gel-water air conditioning adsorption system, has been 
described in detail in our previous work [22, 23]. The system was designed and tested 
under the framework of the TOPMACS project [30] for automotive air conditioning 
applications. As shown, the system consists of four heat exchangers namely, an 
evaporator, a condenser and two adsorber/desorber heat exchangers (Bed 1 and Bed 2).  
 
Each adsorbent bed have three brazed type flat-tube fin heat exchangers connected in 
parallel as shown in Fig. 2. The heat exchangers are made from aluminum with brazed 
fins. Aluminum material enables the bed to operate at a lower temperature difference, 
reduce the weight of the system and provide high heat transfer efficiency. The weight of 
each aluminum heat exchanger (excluding the headers) is approximately 1.012 kg and the 
fin side of each heat exchanger is filled with 1 kg of silica gel grains. The heat transfer 
fluid selected for heating and/or cooling the bed is pure water.  
 
3. Mathematical modeling 
The heat exchanger is constructed by flat channel tubes covered with uniformly spaced 
flat fins to increase the heat transfer area on the air side. Fig. 3 shows the design 
parameters of the modelled flat-tube fin heat exchanger. Each channel tube comprises of 




for heating or cooling the packed adsorbent in a cyclic manner. The number of channels 
determines the total heat transfer surface. The geometrical parameters of the heat 
exchanger are detailed on Table 1.  
 
The heat is transferred from the water to the adsorbent firstly, from the heat transfer fluid 
(hot or cold water) to the inner wall surface at Ts,i by convection, with a convective heat 
transfer coefficient hw. Secondly, across the plate by conduction with a thermal 
conductivity of kmet. Finally, from the outer wall surface at Ts,o to the adsorbent at Tads 
through two parallel heat flow paths: by conduction from the finned surface and by 
conduction from the unfinned surface.  
 
3.1 Model assumptions 
The assumptions considered in the present study are: 
a) The thermal conductivity of the metal is constant, 
b) The heat is transferred through the flat fins under one-dimensional conditions in the 
longitudinal (x) direction, 
c) The base of the fins are at the same temperature as the surface to which they are 
attached, 
d) The heat conduction from the wall in contact with the adsorbent will be evaluated 




the sorbent from the metal surface to its temperature difference) with different values 
for the adsorbent close to the water channel and for the adsorbent in between the fins, 
e) The equivalent convection heat transfer coefficient is uniform over the surface, 
f) The overall heat transfer coefficient is uniform along the heat exchanger. 
 
3.2 Overall thermal conductance estimation 
The design of adsorber bed heat exchanger strongly affects the performance of adsorption 
chiller. Increasing the overall heat transfer coefficient (U) and heat transfer area (A) 
increase the overall heat transfer conductance (UA) and hence the chiller performance. 
Fig. 4(a) shows the control volume of a typical element from the adsorbent bed. It 
includes two half fins attached to the bed wall at the base which is in contact with the 
secondary fluid at temperature (Tw). The fins are in contact with silica gel from both sides 
and water vapor above it at (Tads). Fig. 4(b) shows schematically the equivalent heat 
transfer thermal resistance of the adsorbent bed. During the heat transfer from/to the 
secondary fluid to/from the adsorbent bed surface in desorption/adsorption mode, there 
are four heat transfer resistances namely; (i) convection thermal resistance from the 
secondary fluid stream (water) to the internal tube wall (1/hwAw,i); (ii) conduction 
resistance through the plate wall (emet/kmet.Aplate,i) and (iii) convection resistances for the 
unfinned surface as well as along the fins, which act in parallel. Therefore, the total 
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where, the heat transfer area A for water side, finned and unfinned surfaces can be 
defined by Aw,i = Aplate,i = pf D, Afin,i = 2(p-t)D/2 and Aunfin,i = (pf-tf) D respectively. The 
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The equivalent convection heat transfer coefficients for the finned (heq,2) and unfinned 
(heq,1) wall surfaces to the adsorbent can be estimated as the ratio of the adsorbent thermal 
conductivity to the corresponding distance between the adsorbent at mean temperature 
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The convective heat transfer coefficient on the water side hw can be estimated by 
assuming the hypothesis of fully developed laminar flow and a channel geometry similar 
to infinite parallel plates. Therefore, the convective heat transfer coefficient on the water 
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where, the Nu value corresponding to the channel geometry and have a value of 7.54 [31] 
assuming the hypothesis of laminar flow with uniform wall temperature in a narrow 
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Therefore, the overall thermal conductance of the adsorbent bed heat exchanger UAtotal,HE 
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where Aw,t is the total heat transfer area of the water side and can be written by: 
w,t HE
W 2
A = 2DH = V
p p





where VHE =WDH is the overall volume of the heat exchanger. The mass of adsorbent 
which fits inside the bed heat exchanger can be evaluated by the empty volume inside the 
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Finally, the ‘specific thermal conductance’ of the adsorbent bed can be defined as the 
overall thermal conductance of the adsorbent bed heat exchanger (UAtot,HE) divided by 
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As it can be observed, the specific thermal conductance of the adsorbent bed is a complex 
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When the cannel pitch p in between the flat tube has been taken as the proper length to 
make non-dimensional the rest of geometrical parameters. 
 
3.3 Performance estimation 
The performance of the actual adsorption system has been quantified by the maximum 
practical specific cooling capacity (SCCm,p) and the maximum practical coefficient of 
performance (COPm,p) that could be achieved in practical operation of the system. This 
two conditions cannot be reached at the same time. In general, maximum COP in practice 
is obtained at very long cycle periods, while maximum cooling capacity is obtained at 
much shorter periods. 
 
3.3.1 Maximum coefficient of performance 
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      (15) 
 
The term in the numerator of Eq. (15) represents the latent heat of vaporization of the 




change (  ). In the denominator, the first term refers to the heat input required for the 
desorption of the same amount of adsorbate/refrigerant, while  the  second  term  
represents  the  sensible heat required to heat the adsorbent, the heat transfer fluid and the 
metallic parts of the heat exchanger along the heating phase, for the maximum bed 
temperature change,  Tb. 
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where, the equivalent heat capacity of the bed per adsorbent mass (      bed) is given by 
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The maximum theoretical COPmax of an adsorption system is defined as the ratio between 
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The COPm,p of Eq. (19) takes into account the heating/cooling losses of all masses present 
in the bed (i.e. metal, adsorbent and heat transfer fluid masses). The actual values of COP 
will be lower than the COPm,p because of other irreversibilities such as pressure losses 
between the bed and the condenser/evaporator and heat losses. 
 
In practical operation of the system, the maximum (Tbed,M) and minimum (Tbed,m) bed 
temperatures do not achieve the temperatures of the external heating (Thw,in) and cooling 
(Tcw,in) water sources. Therefore, the maximum temperature variation in the bed ( Tbed) 
could be corrected by a correction factor .   
bed bed,M bed,m hw,in cw,inΔT = T -T φ(T -T )                 (20) 
 
Based on the operating conditions mentioned in Table 2, the simulation results showed 
that the factor   has been found between 0.90-0.95. 
 
The maximum uptake variation in the bed ( w) corresponds to the difference between 
maximum (wmax) and minimum (wmin) uptakes, defined by  
 





The equilibrium uptake in the bed (weq) depending on the temperatures and pressures can 
be estimated by [33]: 
 
2 3
0 1 eq 2 eq 3 eq2 3
0 1 eq 2 eq 3 eq
b + b w + b w + b w
ln(p) = a + a w + a w + a w +
T
                     (22) 
 
where, the numerical values of the coefficients a and b (i = 0, 1, 2, 3) for silica-gel 
(Sorbsil A) are given by Restuccia [34].  
 
Hence, the maximum and minimum uptakes can be defined as: 
 
max eq evap bm eq evap cw,inw = w (P ,T ) w (P ,T )                 (23) 
min eq cond bM eq cond hw,inw = w (P ,T ) w (P ,T )       (24) 
 
where, Pevap and Pcond are the evaporator and condenser pressures, respectively.  
 
evap sat evap sat chw,inP = P (T ) P (T )                   (25) 
cond sat cond sat cw,inP = P (T ) P (T )                    (26) 
where, Tchw,in is the chilled water inlet temperature and Tcw,in is the condenser cooling 
water inlet temperature.  
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                         (27) 
 
where, the numerical values of the coefficients b (i = 0, 1, 2, 3) for silica-gel (Sorbsil A) 
are given by Restuccia [34].  
 
The specific heat of vaporization of the water ( hfg) at a specified temperature (T) can be 
estimated by [35]: 
 
3
fgΔh (T) = 3159.2 10 -2406.7T                 (28) 
 
The specific heat of vaporization of the water is estimated at the following hypothetical 
temperature conditions: 
fg fg evap fg chw,inΔh = Δh (T ) Δh (T )                             (29) 
 
3.3.2 Maximum practical specific cooling capacity 
Assuming the overall heat transfer coefficient is constant along the heating period, the 
total heat given by the heating water to the bed in order to desorb the refrigerant along the 
heating period can be estimated as: 
 
heat total,HE hw,in bed
τ
Q = UA (T -T )
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Where, the mean temperature of the bed   bed depends on the maximum and minimum 
temperatures of the bed, and it should be more close to Tbed,M since the bed is in heating 
mode. However, in order to simplify the calculus it has been assumed that    is the 
arithmetic mean between the heating and cooling water temperatures.  
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Assuming that the overall heat transfer coefficient is constant along the heating period, 
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Assuming that at the maximum cooling the amount of desorbed water is closed to the one 
that can be desorbed with a longer time, i.e. at maximum practical COP, and tacking in to 
account that the same amount of water desorbed is fully condensed and then evaporated, 
the maximum cooling capacity of the system can be evaluated as: 
 
ads fg hw,in cw,in
chill,mp total,HE m,p
m ΔwΔh T -T1
Q = = UA ( )COP
τ 2 2
              (35) 
 
The above equation relates the maximum cooling capacity with the maximum practical 
COPm,p. 
 
Finally, the maximum practical cooling capacity per volume of heat exchanger (SCCm,p), 
becomes 
 
chill,mp total,HE hw,in cw,in
m,p m,p
HE HEm,p
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SCC = ( )COP
V 2 V 2
              (36) 
 
Considering Eq.14, Eq.16 and Eq.36 it can be concluded that SCCm,p depends on the 
material properties, bed design and operating parameters: 
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4. Results and discussion 
The effect of design and thermal parameters on the system performance has been 
investigated based on the mathematical model developed in the previous sections. This 
was done with the aim of finding the optimal bed design parameters which will allow the 
system to reach the best heat transfer performance. Several parametric studies have been 
carried out with reference to the base-case bed. The standard operating conditions are 
shown in Table 2 [22, 23], whereas the base case thermal parameters are listed in Table 3. 
 
The water thermal conductivity has been estimated for a water temperature of 61.5 ºC, 
since it corresponds to the average of nominal water temperature mentioned in Table 2. 
 
In order to study the effect of different design and thermal parameters, the parameters 
shown in Table 4 are changed accordingly. Unless stated otherwise, the base-case 
parameter values adopted in the parametric studies are the ones reported on Table 1 - 3. 
 
4.1 Sorbent material, main design and operating parameters  
In this section, firstly the effect of different working pair on the COPm,p and SCCm,p is 
discussed and then the effect of water/adsorbent bed mass ratio and operating 
temperatures will be presented for the reference working pair silica-gel (sorbil A). 
 
Fig. 5 presents a comparison between the effects of different working pairs on the system 
performance described by the COPm,p and SCCm,p as a function of the desorption heat. 





As it can be observed, the desorption heat of the working pair has a significant influence 
on the maximum performance of the system. The maximum performance is higher for 
working pairs having low desorption heat, this is due to the fact that less heat input is 
required for the bed to desorb and adsorb the refrigerant, as well as lower heat losses 
associated. Changing the base-case working pair from Sorbsil A/water ( hdes=3115.9 
KJkg-1) to SWS-1L/water ( hdes=2610.4 kJkg
-1
) could increase both COPm,p and SCCm,p 
by approximately 38%. Therefore, it is convenient to choose a working pair with low 
desorption heat and low adsorbent specific heat capacity in order to reduce the heat 
losses.  
 
Figs. 6 shows the effect of water/adsorbent mass ratio and metal/adsorbent mass ratio on 
the system performance. Decreasing mw,tot/mads,HE ratios lead to increase both the COPm,p 
and SCCm,p, as shown in Fig. 6(a). Lower amount of water in the heat exchanger requires 
less heat input for sensible heating the bed and hence increases the performance of the 
system. Therefore, the water/adsorbent mass ratio should be kept as low as possible in 
order to avoid heat losses. This can be accomplished by reducing the internal volume of 
the water channels and headers. 
 
Decreasing mmet,tot/mads,HE  ratios result in an increase of both COPm,p and SCCm,p, as 
shown in Fig. 6 (b). A smaller amount of metal requires less heat input for heating the 
inert masses of the bed. On the other hand, the performance of the system could be 




have low specific heat capacities, in order to avoid heat losses and other energy losses 
associated to the alternate heating and cooling, in addition to high thermal conductivity. 
 
Finally, the effect of operating temperatures on the COPm,p and SCCm,p is shown in Fig. 7 
(a-c). The COPm,p tends to increase when decreasing the Thw,in and Tcw,in, and increases 
when increasing the Tchw,in. On the other hand, the SCCm,p increases with increasing in 
Thw,in and Tchw,in and decreasing Tcw,in.  
 
As shown in Fig. 7 (a), increasing Thw,in from 70 to 120 ºC decreases the COPm,p by 19.7 
% from 0.57 to 0.46 and increases the SCCm,p by 88.7 % from 836.5 to 1579 kWm
-3
. This 
is because the cooling capacity and the heat losses increase both with higher driving 
source temperature. Therefore, an optimum design should balance the increased cooling 
capacity due to higher heating water temperatures against the poorer COPm,p resulting 
from larger heat inputs. Both SCCm,p  and COPm,p increase with lower cooling water inlet 
temperature, due to the increase of the adsorption rate as shown in Fig. 7(b). However, 
the SCCm,p is more sensitive to Tcw,in variations than  COPm,p. Increasing Tcw,in from 20 to 
40 ºC, decreases the COPm,p by 21.2 % and SCCm,p by 43.70 %. Decreasing the chilled 
water temperature results in less cooling produced, and therefore lower adsorption rates. 
Decreasing Tchw,in from 20 to 5 ºC, both COPm,p and SCCm,p decreased by 28.9%, Fig. 
7(c). 
 




In this section, the effect of bed geometrical parameters such as p, t/p, pf/p, tf/p, emet/p, 
kads, kmet and kw on the specific thermal conductance of the bed and SCCm,p will be 
presented. 
 
Fig. 8 shows that both the specific thermal conductance and SCCm,p dramatically 
decrease with increasing channel pitch p. This is because the total thermal resistance 
increases with channel pitch, since the conductive path length increases. Reducing the 
distance between the water channels enhances the heat transfer performance since the 
conduction through the adsorbent is poor. For closely spaced channels the heat will be 
quickly transferred, and consequently the conduction through the adsorbent will improve. 
However, it should be taken into consideration that the adsorbent granules must still be 
able to fit in between the channels. 
 
Significant performance improvements could be achieved with channel pitches smaller 
than 0.004 m. Reducing the channel pitch from its design value (p=0.0067 m) to a 
minimum permissible value (e.g. p=0.004 m) increases the specific thermal conductance 
and SCCm,p by approximately 2.5 times its original value. Therefore, the following 
parametric studies have been carried out for both the channel pitch design value 
(p=0.0067 m) and the reduced pitch value (p=0.004), in order to compare both 
performances.  
 
Fig. 9 shows the effect of t/p variation on specific thermal conductance and SCCm,p for 




thermal conductance and SCCm,p decrease as the t/p ratio (t/p) increases for both cases, 
however, this variation is smoother than the previous one shown in Fig. 8.  
 
Decreasing the flat tube thickness (t) results in an increase of the water velocity in the 
channels and therefore enhances the convection heat transfer coefficient at the water side, 
so that the overall heat transfer performance of the bed increases. Significant 
performance improvements could be achieved for the reduced pitch of 4 mm. For the 
base-case bed, the maximum practical specific cooling capacity increases from 632 to 
1481 kWm
-3
 for a t/p from 0.668 reduced to 0.16. For the reduced pitch, the maximum 
practical specific cooling capacity increases from 1772 to 4156 kWm
-3
 for a t/p from 
0.668 to 0.16 respectively, with an improvement of more than 2.3 times the original 
value. 
 
In Fig. 10, the effect of fin thickness is analyzed. As it can be seen, both the specific 
thermal conductance and SCCm,p increase with the tf/p increase but only very slightly. 
This can be explained by the fact that increasing the fin thickness enhances the heat 
conduction along the fins, thus improving the heat transfer to the adsorbent. However the 
increase is moderate because the high conductivity of aluminum. The maximum practical 
specific cooling capacity increases from 3499 to 3966 kWm
-3
 for a tf/p from 0.005 to 
0.0278, about 13.3 % of improvement of the base-case bed. Anyhow, increasing the fin 
thickness would increase the ratio of metal to sorbent mass ratio which clearly would 
negatively affect the performance. The combined effect of these parameters should be 





Fig. 11 shows that, decreasing the fin pitch/channel pitch ratio (pf/p) enhances 
significantly both specific thermal conductance and SCCm,p. This can be explained by the 
fact that decreasing fin pitch results in increasing the number of fins, which will increase 
the heat transfer performance of the bed and hence the maximum practical specific 
cooling capacity. For the base-case bed, the SCCm,p increases from 400 to 3000 kWm
-3
 
for a tf/p from 0.1 to 0.555 respectively. However, the performance could be significant 
enhanced with the reduced pitch. In this case, the maximum practical specific cooling 
capacity increases from 1100 to 7000 kWm
-3
 for a tf/p from 0.1 to 0.555. Thus, a better 
heat performance of the bed could be achieved by means of reducing the distance 
between the fins. In any case one must take into account that the sorbent grain must still 
be able to fit in between the fins. 
 
Fig. 12 shows that, the specific thermal conductance and SCCm,p slightly increase with 
increasing emet/p ratios. Increasing the water channel wall thickness enhances the water 
velocity in the channel for a fixed water mass flow rate, and hence the convection heat 
transfer coefficient from the water to the adsorbent. For the base-case bed, the SCCm,p 
increases from 1150 to 1391 kWm
-3
 for a emet/p from 0.0298 to 0.0936 respectively. The 
enhancement with a reduced pitch is much higher, where the maximum practical specific 
cooling capacity increases from 3227 to 3904 kWm
-3
 for emet/p from 0.0298 to 0.0936 
respectively. However, the increase in velocity also leads to an increase of the pressure 






Fig. 13 shows a comparison of the combined effect of t/p and pf/p (which are the most 
important parameters affecting the specific thermal conductance of the bed as it has been 
shown) versus the specific thermal conductance and SCCm,p for the two considered pitch 
cases. Decreasing t/p and pf/p improve the specific thermal conductance of the bed. 
However there is a significant increase in specific thermal conductance for t/p less than 
0.16 and pf/p less than 0.10. High performance improvements could be achieved with a 
reduced pitch of 0.004 m. In this case, by decreasing the t/p and pf/p from 0.25 and 0.22 
to nearly 0.16 and 0.10 may increase the specific thermal conductance from 463 to 1727 
kWm
-3
. This is a very significant improvement by almost three times the original value. 
 
4.3 Thermal conductivity 
The effect of thermal parameters such as the adsorbent (kads) and metal thermal 
conductivities (kmet) and the heat transfer fluid thermal conductivity (kw) on the specific 
thermal conductance and the SCCm,p are discussed in this section. 
 
Two basic assumptions have been made in this analysis. The major assumption is about 
the effective adsorbent thermal conductivity of the bed, which is very difficult to estimate 
and depends on many factors such as gas pressure, porosity, etc. According to the 
literature [38], the effective thermal conductivity of a granular adsorbent bed (including 




 in case of very loose 




 in case of compacted grains. Taking into account the above, the 








. The second assumption concerns the value of 
the water thermal conductivity. This parameter has been estimated for a water 
temperature of 61.5 ºC, since it corresponds to the average temperature between heating 
the bed at 90 ºC and cooling the bed at 33 ºC. 
 
From Fig. 14 it can be observed that, the adsorbent thermal conductivity (kads) is a very 
sensitive parameter which positively affects the heat transfer performance. As expected, 
higher kads results in considerable better performance. The specific thermal conductance 













. It has been 




 is desirable. 
 
Obviously, he conduction through the adsorbent constitutes the major portion of the total 
thermal resistance in the bed. Therefore, the design efforts should be focused on reducing 
the thermal resistance through the adsorbents [27]. Mixing the adsorbent with metallic 
foam increases the adsorbent thermal conductivity and hence improve the heat transfer 
performance [25]. Coating the adsorbent bed metal with the adsorbent can be eliminate 
the contact thermal resistance [39]. Decrease the intergranular porosity of the adsorbent 
by mixing together grains of various sizes can also be improve the equivalent thermal 






Fig. 15 shows the effect of the metal thermal conductivity of the bed on the specific 
thermal conductance and the SCCm,p. The results show that, kmet does not have a 
significant effect on the heat transfer performance. However, a metal thermal 




is desirable, exceeding this value does not yield 









) will not result in a performance enhancement, since 
its thermal capacitance it’s much higher and heat losses of alternative heating and cooling 
will increase. On the other side, employing low conductivity materials like plastics could 
lead to an important loss of performance. 
 
Finally, Fig. 16 shows the effect of heat transfer fluid thermal conductivity on the specific 
thermal conductance of the bed and the SCCm,p, at different channel pitch values. Two 





, which corresponds to the base-case study and the other one is a 30% 






It can be observed that the fluid thermal conductivity does not have a significant effect on 
the system performance, only an small decrease of the specific thermal conductance of 
the bed, and hence on the temperature variation along the heat exchanger can be 
observed. It is clear that fluid-side convection heat transfer resistance has a very small 
contribution on the total thermal resistance in the bed. Nevertheless, the use of a brine 
could result in increased pressure losses in the channel. This would increase the pumping 






Enhancing heat and mass transfer in the adsorbent bed significantly improves the overall 
efficiency and performance of the adsorption system. High performance, small size, and 
low weight are critical requirements for any bed heat exchanger used in automobile air 
conditioning applications. An analytical model has been developed to analyze the 
influence of adsorbent bed parameters on the overall thermal conductance of the bed as 
well as to assess the maximum performance that could be achieved with a properly 
designed and operated system. Results showed that reducing the channel pitch from the 
initial value to a minimum permissible value increases the specific thermal conductance 
and maximum practical specific cooling capacity by approximately 2.5 times its original 
value. Decreasing in the t/p and pf/p ratios provide high heat transfer rate throughout the 
bed. The effect is most apparent for t/p less than approximately 0.21 and pf/p less than 
approximately 0.13. On the other hand, increasing tf/p and emet/p ratios positively affects 
the specific thermal conductance of the bed. 
 
From all thermal parameters that have been studied, it is found that adsorbent thermal 
conductivity is the most sensitive parameter to the system performance. Increasing the 
adsorbent thermal conductivity clearly results in better system performance. A metal 




 is desirable, which is well reached by 
employing aluminum. With a reduced pitch p of 4 mm an still possible water flat tube 
thickness 0.8 mm, and similar fin pitch 0.8 mm, the SCCm,p with silica-gel (sorbsil A) at 
reference operation conditions could be 850 kW/m
3




effective technology. Still, the problem of placing the sorbent material in between the fins 
including a relatively high thermal conductivity, and still enough permeability to the 
vapor flow, must be solved adequately. On the  way to  more efficient  and  economic 
cooling systems,  future  research  attention should  be focused on  improving  the heat 
and mass transfer inside  the  adsorbent bed. 
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Fig. 2. Schematic diagram of a (a) single bed comprised of three heat exchangers and 





























































Fig. 4. Schematic diagram of the a) heat transfer through the adsorbent bed in one control 
























Fig. 5. Effect of different working pairs on the maximum theoretical and maximum 


































Fig. 6. Effect of a) water/adsorbent mass ratio and b) metal/adsorbent mass ratio on the 








































































































Fig. 9. Effect of t/p on specific thermal conductance and SCCm,p  for: (a) Base-case bed: 


































Fig. 10. Effect of tf/p on specific thermal conductance and SCCm,p for: (a) Base-case pitch: 


































Fig. 11. Effect of pf/p on specific thermal conductance and SCCm,p for: (a) Base-case pitch: 



































Fig. 12. Effect of emet/p on specific thermal conductance and SCCm,p  for (a) Base-case 
































Fig. 13. Effect of t/p and pf/p on specific thermal conductance for: (a) Base case bed: 



































Fig. 14. Effect of kads on specific thermal conductance and SCCm,p for: (a) Base-case pitch: 



































Fig. 15. Effect of metal thermal conductivity on specific thermal conductance and SCCm,p 



































Fig. 16. Effect of the heat transfer fluid thermal conductivity on: (a) Specific thermal 
















A area Rtot total thermal resistance, KW
-1
 
Aw,t total heat transfer area for the water side, m
2
 T Temperature, 
o
C 
COPm,p maximum practical coefficient of performance V volume, m 
COPmax maximum theoretical coefficient of performance Vch channel tube volume, m
3
 




 Vf fin volume, m
3
 
   b equivalent heat capacity of the bed per adsorbent mass, JK
-1
 W wide, m 
D diameter, m w uptake, kgkg
-1
 
h specific enthalpy, Jkg-1 Subscripts 
H Height, m ads adsorbent 




 ch channel tube 




 cond condenser 
Lf fin length, m des desorption 
m mass, kg evap evaporator 
mmet,tot total metal mass in the heat exchanger (including headers), kg f fin 
mw,tot total water mass in the heat exchanger (including headers), kg met metal 
mads.b total dry adsorbent mass per heat exchanger, kg sat saturated 
mmet,HE total metal mass per heat exchanger, kg tot total 
mads,b total mass of dry adsorbent packed in each bed, kg w water 
   mass flow rate, kgs-1 Greek Letters 
P pressure, mbar   half cycle time, s 




























Parameter Symbol Value Unit 
Depth D 0.038   m 
Height  H   0.210   m 
Wide W 0.255   m 
Channel pitch  p 0.0067 m 
Flat tube thickness  t 0.0017 m 
Fin pitch pf 0.0015 m 
Fin thickness tf 0.0001 m 
Water channel wall 
thickness 
emet 0.0003 m 




























Heating water in 
(heating water loop) 
Cooling water in 
(cond. + bed cooling loop) 
Chilled water in 
(chilled water loop) 
Thw,in [
o








C]   chw,in [ kgs
-1
] 


























Parameters Symbol Values Unit Ref. 
Water thermal conductivity at 61.5 oC kw 0.656 Wm
-1K-1 [36] 
Adsorbent thermal conductivity  kads 0.13 Wm
-1K-1 [34] 
Metal thermal conductivity of the bed kmet 160 Wm
-1K-1 [37] 
Metal specific heat capacity cpmet 890   Jkg
-1K-1 [37] 
Water specific heat capacity   cpw 4182 Jkg
-1K-1 [37] 
Enthalpy of vaporization at 15 ºC    hv 2465.7E03   Jkg
-1  - 

































Channel pitch  p 3 - 12 mm 
Flat tube thickness /pitch ratio t/p 0.16 - 0.668 - 
Fin thickness/ channel pitch ratio tf/p 0.005 - 0.0278 - 
Fin pitch/ channel pitch ratio pf/p 0.1 - 0.555 - 






l Adsorbent thermal conductivity of the bed  kads 0.06 - 0.20 Wm
-1K-1 
Metal thermal conductivity of the bed kmet 20 - 400 Wm
-1K-1 




 Metal/adsorbent mass ratio mmet,tot/mads,HE 0.1 to 2.66 - 





Heating water temperature Thw,in 70 - 120  ºC 
Cooling water temperature Tcw,in 20 - 40  ºC 









































Sorbsil A (silica gel) - water 750 3115.9 0.0205 0.1781 0.1576 
SWS-1L (silica gel)- water 817 2610.4 0.1232 0.4554 0.3322 
Zeolite 4A- water 980 7381.5 0.3449 0.3814 0.0365 






 An analytical model was developed to determine the optimum geometrical and 
thermal parameters of a flat tube-fin adsorbent bed to obtain the maximum system 
performance.  
 The overall thermal conductance of the bed and the maximum specific cooling 
capacity increased when reducing in flat tube thickness and fin pitch as well as by 
increasing in fin thickness and water channel wall thickness. 
 The specific thermal conductance increased by 2.5% when reducing the channel pitch 
from its design value to a minimum permissible (0.004m).  
 Adsorbent thermal conductivity is the most sensitive parameter to the specific thermal 
conductance in beds.  
 The system performance significantly enhanced by reducing the mass of the metal bed 
and the heat transfer fluids as well as the desorption heat of the selecting working pair. 
 
 
